I N T R O D U C T I O N
In aquatic food webs, trophic cascades are simultaneously determined by both consumer predation (top-down processes) and consumer resource control on primary production (bottom-up processes) (Carpenter et al., 1987) . In freshwater ecosystems, several meta-analyses have consistently shown evidence for strong top-down effects of fish on zooplankton (Shurin et al., 2002; Borer et al., 2005) , that are stronger compared to bottom-up resources, and moderate effects of fish on phytoplankton biomass (Brett and Goldman, 1997; Gruner et al., 2008) . However, given that the influence of fish on aquatic communities through bottom-up processes can be variable among ecosystems, there is a need to understand how consumer-driven nutrient dynamics can potentially alter other understudied properties of food webs (Atkinson et al., 2016) , such as organismal nutritional state (e.g. Twining et al., 2016) and functional groups and traits (Hulot et al., 2014) . We present a first study to apply essential fatty acids (EFAs) as a biomarker to experimentally test the effects of freshwater fish on zooplankton nutritional state and functional traits through the combined influence of top-down and bottomup influences in a trophic cascade.
EFAs are an emerging biomolecular tool for understanding trophic interactions in food webs (reviewed in Twining et al., 2016) . In aquatic ecosystems, EFAs are synthesized by primary producers, which are primarily phytoplankton in lentic systems such as lakes and ponds (Taipale et al., 2013) . Subsequently, trophic transfer of EFAs occurs from the phytoplankton to primary consumers, such as crustacean zooplankton (Taipale et al., 2011) , and higher consumers, such as fish (Strandberg et al., 2015; Gearhart et al., 2017) . The EFA content of phytoplankton is strongly linked with the identity of phytoplankton taxa. While certain phytoplankton groups are enriched with EFAs known as polyunsaturated FAs (PUFAs) (e.g. diatoms and mixotrophic cryptophytes, chrysophytes and dinoflagellates), other phytoplankton groups are biochemically depauperate in EFAs and nutritionally poor for zooplankton (e.g. chlorophytes and cyanobacteria) (Taipale et al., 2013; Galloway and Winder, 2015) . A subgroup of PUFAs known as highly unsaturated FAs (HUFAs) are linked to key fitness-related functional traits in crustacean zooplankton, such as body size and fecundity (Müller-Navara et al., 2004; Charette and Derry, 2016) . However, the degree to which zooplankton FA content tracks their diet can depend on environmental factors such as season and temperature (McMeans et al., 2015) . While several studies have addressed environmental-and communitylevel determinants of EFA composition in crustacean zooplankton (e.g. Burns et al., 2011; Lau et al., 2012; Gladyshev et al., 2015) , no research has tested if fish-mediated trophic cascades can alter the trophic transfer of EFAs to zooplankton and influence their functional traits.
We conducted a whole-pond experiment where youngof-the-year (YOY) brook trout (Salvelinus fontinalis) were introduced into three north temperate, natural fishless ponds. Four fishless reference ponds were concurrently monitored to quantify seasonal effects in relation to fish impacts on phytoplankton and zooplankton. Copepod nutritional state was inferred through ω3:ω6 FA ratios because low ω3:ω6 FA ratios have been shown to indicate poor nutritional state in other crustacean zooplankton such as Daphnia (Taipale et al., 2015a) . We predicted that bottom-up nutrient enrichment from trout excretion would stimulate phytoplankton communities, and enhance ω3:ω6 FA ratios as well as body size-fecundity relationships of herbivorous copepods in fish-stocked ponds. Other research has shown that top-down fish predation on calanoid copepods in freshwater and marine ecosystems can selectively reduce the abundance of egg-bearing females compared to males (Hairston et al., 1983; Hirst et al., 2010) . We, therefore, predicted that we would detect a signal of top-down predation by the brook trout through altered sex ratios of the calanoid copepod populations in fish-stocked ponds by end of summer. The influence of brook trout on calanoid copepod population nutritional state and abundance was expected to be a net outcome of the effects of bottom-up stimulation of algal resources and top-down predation by fish in selectively removing females.
M E T H O D Study system
Our study was conducted in seven naturally fishless freshwater ponds on Cape Race, Newfoundland (NL), Canada (46°38′33.35″N, 53°12′02.27″W) for two months in the summer of 2015. Of these ponds, three were stocked with YOY trout and four control ponds remained fishless throughout the field experiment. Responses in the dominant zooplankton grazer, a calanoid copepod (Leptodiaptomus minutus), were measured for between-pond population differences in FA composition, functional traits (body lengthfecundity relationships), sex ratios and abundance. These responses were compared between the fish-stocked ponds and fishless ponds at the end of summer, following two months of fish incubation in the fish-stocked ponds. We also measured phytoplankton community composition and seston FA content, zooplankton community composition and physico-chemical pond characteristics. Two time points of data collection corresponded to early summer immediately prior to fish stocking (30 June 2015) and late summer, following two months of fish exposure in the fishstocked ponds (1 September 2015). The region is dominated by a single fish species, brook trout (Bernos and Fraser, 2016) , which was the rationale for working with this particular fish species for our experiment. All study ponds were located within a small spatial scale (0.52 km 2 ), and were isolated from stream connections. The fishstocked ponds had pH ≥ 5.2 and oxygen concentrations ≥ 6.0 mg L −1
, and low variation in nutrients and DOC at the onset of the experiment (Table I ). The fishless ponds had similar initial early summer phytoplankton community composition ( Supplementary Fig. S1 ) despite some variation in physico-chemical characteristics: total phosphorus (TP) 0.142-0.245 μM, total nitrogen (TN) 20.06-43.19 μM, dissolved organic carbon (DOC) 2.5-8.9 mg L −1 and pH 4.9-5.5 (Table I ). The YOY that were placed in the fishstocked ponds originated from two stream populations: Cripple Cove River, CC (46°38.854′ N, 53°06.269′ W) and Freshwater River, FW (46°38.914′ N, 53°13.301′ W) (Supplementary Table S1 ).
Fish stocking
We stocked three fishless ponds with no previous history of fish introduction with YOY trout with equivalent sample sizes (P1 N = 87; P2 N = 93; P3 N = 146) and at equivalent size distributions ( Supplementary Fig. S2 ) in late June 2015. We were unable to stock more than three ponds in this region because of the pond selection criteria that we applied for fish stocking, to prevent the escape and spread of YOY trout to other neighbouring ponds, as well as to ensure that we would be able to fully recapture the fish at the end of the experiment (Supplementary Methods S1). Since there was variation in the surface area of the fishstocked ponds (Table I) , different absolute numbers of fish were introduced into each fish-stocked pond to maintain the same fish-stocking density. Depths of the fish-stocked ponds were similar (0.2-1.0 m, Table I ) so surface area provided a good estimate for standardizing fish-stocking densities. Fish stocking occurred over two days: June 29 in ponds P1 and P2 and June 30 in pond P3. We recaptured stocked fish on 1 September 2015; ponds were repeatedly fished using a combination of backpack electrofishing, gill nets and seining. Each pond was fished on multiple consecutive occasions until no fish were subsequently recaptured. Each recaptured fish was weighed to estimate mean total fish biomass per pond (Table II) . For analyses of water chemistry, replicate samples (n = 2) were collected from three fishless ponds used for stocking and four fishless ponds used as controls (Table I ) from the pond litoral zone and subsequently passed through an 80 μm mesh to remove debris, large particle sizes and other sedimentary particles suspended in the water. Upon collection, water chemistry samples were refrigerated and express-shipped within a week of collection to an analytical laboratory at UQAM (Montréal, Québec). Analytical methods are in Supplementary Methods S1.
Physico-chemical variables

Fatty acids
For seston and copepod FA collection, one sample was collected per pond in each of early and late summer. For seston FA collection, we filtered 50 L of pond water through a 0.7 μm Whatman™ GF/F filter (47 mm diameter) to obtain 2-3 mg of sample dry weight per pond. For copepod FA collection, a minimum of 200 live adult male and female L. minutus copepod individuals were visually identified in the laboratory (Supplementary Methods 1S) and manually picked from zooplankton communities with a 10 ml-graduated pipette under a stereo-microscope. For the total duration of the experiment, collected FAs amounted to a total of 27 individual samples (14 copepod and 13 seston FA samples). The 1.5 mL cryogenic vials which were subsequently frozen in an insulated liquid nitrogen Thermo Scientific double walled vacuum vessel (Model 813) at −80°C, then transported to UQAM and placed in a −80°C freezer until analyses. FAs were extracted from seston and copepod samples using a chloroform-methanol-water (4:2:1) wash cycle, which was then converted to μg of lipid per mg dry weight by gravimetry. The extracted lipids were methylated using toluene and H 2 SO 4 − methanol. FAs (C14-C24) were identified as FA methyl esters (FAMEs) using a gas chromatograph (7890 A, Agilent, Agilent Technologies Canada Inc., Mississauga ON, Canada). Total FA concentrations were calculated with an internal standard, C19:0 (nonadecanoic acid) using calibration curves based on known standard concentrations reported as μg FAME mg −1 total dry weight. Phytoplankton source FA biomarkers (Taipale et al., 2013 (Taipale et al., , 2015b McMeans et al., 2015; Grosbois, 2017) were selected from the total suite of FAs analysed (Supplementary Tables S2 and S3 ) for our data analyses.
Phytoplankton and zooplankton
Methods for phytoplankton and crustacean zooplankton collection, identification and enumeration are described in Supplementary Methods S1. All crustacean zooplankton individuals were counted in our samples, and we enumerated the number of male and female L. minutus. We estimated individual body size of gravid female L. minutus (total length; μm) with a high-resolution dissecting microscope (SZ2-IL-ST, Olympus SZ, Japan), and copepod length did not include the caudal setae as described by McCauley (1984) . Individual female fecundity was estimated by counting the number of eggs per individual gravid copepod female. No distinction was made between diapausing and subitaneous eggs.
Statistical analyses
We conducted Wilcoxon signed rank matched paired twotailed tests, the non-parametric analogue to the paired ttest which allows for differences between pairs that are non-normally distributed because of skewed data, paired by individual pond to measure within pond changes for each univariate environmental parameter (TP, TN, DOC, Chl a and BP) with two replicate samples (n = 2) taken between early and late summer within the three fishstocked ponds and within the four fishless ponds. Since the abundance data did not meet conditions of linear parametric tests, we conducted a series of non-metric multidimensional scaling (NMDS) analyses based on Hellinger distance dissimilarity matrices (Legendre and Legendre, 2012) . NMDS was employed to track shifts in the seston FA and copepod FA composition (L. minutus), phytoplankton (biovolume (mg m −3 )), and crustacean zooplankton communities (relative species abundance) between early and late summer of the three fishless ponds used for fishstocking and the four fishless ponds used as controls. Early and late summer corresponded with pre-stocking and poststocking in the fish-stocked ponds. The Hellinger distance Table I: Table of ), total phosphorous (TP,
) and bacterial productivity (BP, is recommended for clustering or ordination of species abundance data (Rao, 1995) . Also, for linear ordination, the Hellinger distance offers a better compromise between linearity and resolution than the Chi-square metric and the Chi-square distance (Legendre and Legendre, 2012) . For seston and copepod FA composition, and for phytoplankton and zooplankton community composition, one sample was collected at the beginning and after 2 months of brook trout exposure. For these analyses, replication for the study was at the between-pond level, rather than within ponds. Stress tests were performed using 1000 iterations to test for good model fit in 2D space (Kruskal, 1964) . In the case where the stress is larger, this is intended as a diagnostic tool for identifying sample points that do not fit well in the low-dimensional ordination space. Small stress values, with values typically in the 0-1 range, indicate a near-perfect representation of the high dimensional assemblage (Clarke and Gorley, 2006) . NMDS ordination plots were constructed using the metaMDS function {vegan} and a constrained ordination function cca{ade4} in R (R Core Team, 2016). This was followed with Permutational MANOVA (PERMANOVA) test for differences between stocked and fishless ponds using PRIMER v. 6.1.11 (Clarke and Gorley, 2006) with PERMANOVA + 1.0.1 add-on package (Anderson et al., 2008) . We used a sum of squares sequential type I with 999 permutations of the residuals under the full model with fish stocking coded as a fixed effect and season as a random effect. On the basis of the Hellinger distance ressemblance measure, we equally tested for the homogeneity of multivariate dispersions within groups with the PERMDISP function in PRI-MER v. 6.1.11 (Clarke and Gorley, 2006) and statistical assumptions regarding deviations from centroids were verified with 999 permutations. We tested the influence of fish-stocking and season (early summer versus late summer) on body length-fecundity relationships using linear regression. We only used gravid females (females with eggs) for this analysis and did not pool body size-fecundity data within ponds in June or September. For June data, we measured at least 25 females per pond of which 5 at a minimum were in gravid condition (Fig. 3A) . For September data, we also measured at least 25 females per pond however only 1-2 females where in gravid condition (Fig. 3B) . Wilcoxon signed rank matched paired two-tailed tests were applied to explain differences in copepod population abundance and total crustacean zooplankton abundance. To test for differences in combined male and female copepod nutritional state (ω3:ω6 FA ratios) and abundance (sex ratios) responses to fish-stocking and season, we applied a linear mixed model (LMM) with the lme4 package in R (R Core Team, 2016), with fish stocking coded as a fixed effect and season coded as a random effect for each model response respectively. Normality and equal variance was confirmed for copepod nutritional state (Shapiro-Wilk W test; 0.90 Prob < W 0.15), and for male and female copepod responses to stocking through verification of model conditional residuals (Shapiro-Wilk W test; 0.88 Prob < W 0.07) for the restricted maximum likelihood for mixed models. Significant main effects were confirmed using Tukey HSD pairwise comparisons and a Wald P-value was generated from the covariance parameter estimates to test for the significance of the season random effect for each model.
R E S U L T S Fish-stocking treatment
Differences in fish recapture and therefore fish mortality between the fish-stocked ponds produced variation in the level to which fish enhanced pond nutrients and phytoplankton. The number of fish recaptures per fish-stocked ponds was the following: Pond P1, N = 2 CC fish, 6.8 g ± 0.4; Pond P2, N = 14 CC fish, 7.02 g ± 0.66; Pond P3, N = 99 FW fish, 2.70 g ± 0.06 (Table II) . This variation in fish mortality and individual fish growth rates produced a gradient of nutrient enrichment between the three fishstocked ponds that could not be detected statistically in comparison with the four fishless ponds: TP, P = 0.109; DOC, P = 0.296 (Wilcoxon signed rank matched paired tests, before vs. after fish stocking). However, algal biomass in the edible feeding size range for L. minutus (<30 μm, edible chlorophyll a, μg L ) (P = 0.046; Fig. 1A , Wilcoxon signed rank matched paired test). Total nitrogen (TN) increased in the fish-stocked ponds (mean response difference preand post-stocking +34.61 μM) compared to the fishless ponds (mean response difference pre-and post-control fishless ponds +13.80 μM) (P = 0.031; Fig. 1B , Wilcoxon signed rank matched paired test). Bacterial productivity declined in all ponds, fish stocked (mean response difference pre-and post-stocking −4.6 μg CL −1 day −1
) and fishless (mean response difference pre-and post-control fishless ponds −3.3 μg CL −1 day −1
), from early summer to late summer, reflecting a seasonal effect ( Fig. 1C ; P = 0.015, Wilcoxon signed rank matched paired test).
Calanoid copepods-FAs, body sizefecundity relationships and abundance Copepod FA composition was altered by trout in fishstocked ponds ( Fig. 2A ; PERMANOVA, 999 permutations and type I SS: fish stocking main effect, df = 1, Pseudo-F = 3.52, P = 0.018; Supplementary Table S2) . However, this shift in copepod FA composition was driven by enrichment with ω−6 PUFA Ɣ-linolenic acid (C18:3n6c) (GLA) in the most fish-impacted pond, P3, and not by ω−3 HUFA-enrichment as we had predicted. In fishless ponds, season had a neglible effect on copepod FA composition ( Fig. 2A) . Neither fish stocking ( Fig. 2B ; LMM, fish stocking main effect, F = 0.651, P = 0.436) nor season ( Fig. 2B ; Fig. 1 . Pond water chemical and biotic characteristics resources in the three fish-stocked ponds and four fishless study ponds at Cape Race, NL, Canada. Square symbols represent fish-stocked ponds and circle symbols represent fishless ponds; within these symbols, open symbols represent time of initial stocking in early summer and solid symbols are after 2 months of brook trout exposure at the time of fish recapture in late summer. (A) Edible chlorophyll a (edible chl a; μg L −1 ), (B) total nitrogen (μM) and (C) bacterial productivity (BP; μg CL −1 day −1 ). Asterisks (*) represent significant differences between either initial stocking and post-stocking in the fish-stocked ponds or between early summer and late summer in the fishless ponds as revealed by matching paired tests (P < 0.05).
LMM, season random effect, Wald P-value 0.842) significantly influenced the nutritional state of copepods (ω3:ω6 FA ratios).
There was a positive overall relationship between female copepod body length and fecundity across all seven study ponds in early summer ( Fig. 3A; linear regression: r 2 adj = 0.56, n = 41, P < 0.0001). However, by late summer, the positive relationship between gravid female copepod body length and fecundity was enhanced in the three fish-stocked ponds (Fig 3B linear regressions; fish-stocked ponds: r 2 adj = 0.61, n = 8, P = 0.013) compared to the four fishless ponds (fishless ponds: r 2 adj = 0.44, n = 5, P = 0.134). Also as predicted, the relative abundance of male copepods compared to females increased in the fishstocked ponds, but not in the fishless ponds between early and late summer ( Fig. 3C ; LMM, fish stocking main effect, F = 7.206, n = 14, P = 0.021). Season ( Fig. 3C ; LMM, season random effect, Wald P-value 0.660) did not explain any significant variation in sex ratio. Total copepod abundance remained at similar densities between early and late summer across all ponds ( Fig. 3D ; matched paired test: Wilcoxon signed rank two-tailed test, Prob >|S| 0.937). Neither season nor fish stocking had a detectable effect on the taxon dominance of crustacean zooplankton communities (PERMANOVA: fish stocking main effect, P = 0.945; season main effect, P = 0.598; Supplementary  Fig. S3A ), or on total crustacean zooplankton abundance (matched paired test: Wilcoxon signed rank two-tailed test, Prob >|S| 0.218; Supplementary Fig. S3B ).
Phytoplankton communities and seston FAs
Fish-stocking generated changes in phytoplankton community composition that exceeded the range of seasonal variation in fishless ponds (PERMANOVA, 999 permutations and type I SS: fish-stocking main effect, df = 1, Pseudo-F = 3.02, P = 0.015; Fig. 4A ). Although we lost an initial prestocking sample for seston FAs from the most fishimpacted pond (P3) which was subsequently discarded from the statistical analysis to avoid overfitting of the model response, fish-stocking in ponds P1 and P2 alone caused changes in seston FAs that exceeded the range of seasonal variation in the fishless ponds (PERMANOVA, 999 permutations and type I SS: fish stocking main effect, df = 1, Pseudo-F = 3.95, P = 0.012; Fig. 4B ). It was evident that the seston in pond P3 became enriched with ω−6 PUFA arachidonic acid (ARA) relative to all other ponds by end of summer (Fig. 4B ). There were no detectable effects of Fig. 2 . Effects of YOY brook trout stocking and season on copepod FAs in fish-stocked and fishless ponds. Square symbols represent fishstocked ponds and circle symbols represent fishless ponds. Within these symbols, open symbols represent early summer, which was the time of initial fish stocking in fish-stocked ponds, and solid symbols represent late summer, which was after 2 months of brook trout exposure at the time of fish recapture in the fish-stocked ponds. Samples sizes were as follows for each of early and late summer: n = 3 from fish-stocked ponds, n = 4 from fishless ponds. (A) Temporal shifts in phytoplankton indicator FA composition in calanoid copepods as revealed by NMDS. Arrows represent trajectories of plankton communities between early and late summer. Phytoplankton FA biomarker abbreviations correspond to the following groups; ELAIDIC elaidic acid (C18:1n9t), OLEIC oleic acid (C18:1n9c), LA linoleic acid (C18:2n6c), GLA Ɣ-linolenic acid (C18:3n6), ALA α-linolenic acid (C18:3n3), ARA arachidonic acid (C20:4n6), EPA eicosapentaenoic acid (C20:5n3c), DHA docosahexaenoic acid (C22:6n3c) and SDA stearidonic acid (C18:4n3). (B) Nutritional state of calanoid copepods as revealed by ω3:ω6 ratios in fish-stocked and fishless ponds between early and late summer.

season on the composition of phytoplankton communities (Fig. 4A ) and seston FAs ( Fig. 4B; Supplementary Table S3 ). In fish-stocked ponds, cryptophytes (P = 0.156) and especially dinoflagellates (P = 0.003) increased between early and late summer (Wilcoxon signed rank matched paired test, Fig. 4C ), and did not undergo similar increases in abundance in fishless ponds (Fig. 4D) . Together, these two mixotrophic groups were >50% of the total phytoplankton biovolume by the end of the summer in the fish-stocked ponds: cryptophytes (38%) and dinoflagellates (16%). By comparison, cryptophytes and dinoflagellates comprised <1% of total phytoplankton biovolume by the end of summer in the fishless ponds. Chlorophyte biovolume was relatively high in all ponds at end of summer, 35% total biovolume in fish-stocked ponds and 81% total biovolume in fishless ponds.
D I S C U S S I O N
We present a first study to apply EFAs to quantify the effects of a fish-mediated trophic cascade on herbivorous Fig. 3 . Relationships between gravid female copepod body length (μm) and fecundity (number of eggs / individual gravid female) in (A) all study ponds in early summer (total of 41 individual measurements among ponds) and (B) in fish-stocked ponds (total of eight individual measurements among ponds) and fishless ponds (five individual measurements among ponds) in late summer. (C) Sex ratios of copepod populations in three fishstocked and four fishless ponds between early and late summer (data pooled within each pond). (D) Population abundance of calanoid copepods in three fish-stocked ponds and four fishless ponds between early and late summer (data pooled within each pond). Asterisks (*) represent significant differences between either initial stocking and post-stocking in the fish-stocked ponds or between early summer and late summer in the fishless ponds as revealed by matching paired tests (P < 0.05).
crustacean zooplankton nutritional state in aquatic ecosystems. We did not separate the relative influence of topdown and bottom-up processes on body size-fecundity relationships and EFA content of copepods. Copepod population responses in fish-stocked ponds, therefore, represent the combined net influences of predation and resources. In fish-stocked ponds, the trout positively enhanced individual female copepod fecundity (Fig. 3A and B) via bottom-up effects on enhanced quantity (Fig. 1A ) and nutritious quality (Fig. 4) of phytoplankton groups. However, the trout also negatively skewed the ratio of male to female copepods towards male dominance (Fig. 3C) , likely through selective predation on gravid females (Fig. 3A and B) . There was an absence of enhanced EFA content in all ponds (Fig. 2B) in spite of enriched phytoplankton quantity (Fig. 1A ) and nutritious quality (Fig. 4) in the fish-stocked ponds. In the fishless ponds, this may be explained by limitation in food quantity and quality of phytoplankton resources (Fig. 4) . In the fish-stocked ponds, where phytoplankton resources were stimulated ( Figs 1A and 4) , low EFA content by end of season may be explained by the combined effects of (i) low abundance of gravid female copepods and (ii) male dominance in the copepod populations, both of which are directly related to top-down effects of fish predation. For all ponds, the ω3: ω6 FA ratio metric that was used to assess the nutritional state of copepod populations included adult male and females combined. The enhanced female fecundity may Fig. 4 . Effects of YOY brook trout stocking and season on the phytoplankton community composition and seston FA composition. In all panels, open symbols represent time of initial stocking in early summer and solid symbols represent late summer, which was after 2 months of brook trout exposure at the time of fish recapture in fish-stocked ponds. Samples sizes were as follows for early summer: n = 2 from fish-stocked ponds and n = 4 from fishless ponds. Samples sizes were as follows for late summer: n = 3 from fish-stocked ponds and n = 3 from fishless ponds. (A) NMDS of phytoplankton community composition (Hellinger-tranformed relative taxon biovolume; mg m −3 ) (pre-and post-stocking) and (B) NMDS of seston phytoplankton biomarker FA composition (pre-and post-stocking) . In panels A and B, square symbols represent fish-stocked ponds and circle symbols represent fishless ponds. Arrows on the NMDS biplots in represent trajectories of phytoplankton communities between these two periods. The biovolume (mg m −3 ) of three major phytoplankton groups (cryptophytes, dinoflagellates and chlorophytes) is shown in (C) fish-stocked ponds and in (D) fishless ponds. In panels C and D, we used the following symbols to designate key phytoplankton groups: downward triangles, crytophytes; upward triangles, dinoflagellates; diamonds, chlorophytes. Asterisks (*) represent significant differences between initial stocking and post-stocking in the fish-stocked ponds (P < 0.05).

have been accompanied by a loss of important FAs in the males as a result of increased competitive activity associated with female mate limitation since increased male reproductive activity has been linked with reduced lipid content in marine calanoid copepods (Sargent and FalkPetersen, 1988) . Therefore, the positive effects of the fish in enhancing the EFA content of phytoplankton communities via nutrient additions were not sufficient to over-ride the negative effects of fish predation on copepod population nutritional state and abundance.
We detected trophic cascades that transmitted fish effects to the phytoplankton (biomass, Fig. 1A ; taxonomic community composition, Fig. 4A ; FA composition of seston, Fig 4B) , likely through enhanced nutrients (Fig. 1B) from fish excretion. More specifically, the presence of salmonids in fish-stocked ponds increased the total phytoplankton biomass (Fig. 1A) , the abundance of nutritious phytoplankton groups (cryptophytes and dinoflagellates; Fig. 4A ), as well as the PUFA content of seston (Fig. 4B ) that was available as a resource for crustacean zooplankton. In the fish-stocked ponds, mixotrophic dinoflagellates and cryptophytes comprised >50% of total phytoplankton biovolume by the end of summer (Fig. 4C ) compared to <1% in fishless ponds (Fig. 4D ). Dinoflagellates and cryptophytes are algal groups in the edible feeding size range for L. minutus (<30 μm, edible chlorophyll a, μg L −1 ) that are known to be enriched in ω3 PUFAs such as DHA (Taipale et al., 2013; Galloway et al., 2014; Galloway and Winder, 2015) . However, ω−6 PUFAs, not ω−3 PUFAs, were enriched in the seston of fish-stocked ponds (Fig. 4B) . Chlorophytes, enriched with ω−6 PUFAs, were the dominant phytoplankton taxa across all ponds ( Fig. 4C and D) , and are not considered highly nutritious for zooplankton because this algal group does not contain ω3 PUFAs (Taipale et al., 2013; Galloway et al., 2014; Galloway and Winder, 2015) . Herbivorous copepods can selectively harvest nutritious groups of phytoplankton (Paffenhöfer and Lewis, 1990; Burns et al., 2011) , but were likely also feeding on chlorophytes and other algal groups. A dominance of phytoplankton communities by less nutritious chlorophytes across all ponds may have contributed to why fish-mediated shifts in the compositional quality of phytoplankton did not result in enhanced nutritional state of copepod populations in fish-stocked ponds by end of summer (Fig. 2B) .
Many studies have shown evidence for strong top-down effects of fish predators in aquatic ecosystems (Brett and Goldman, 1997; Shurin et al., 2002; Borer et al., 2005; Gruner et al., 2008) . In fishless ponds, seasonal effects drove the absence of large female copepods by end of summer, erasing the body size-fecundity correlation observed earlier in the season (Fig 3A) . In the fish-stocked ponds, on the other hand, the absence of large female copepods by end of summer was likely caused by a combination of both seasonal effects and fish predation (Fig 3B) . First, trout predation on crustacean zooplankon may have been focused on copepods compared to other taxa in the zooplankton community. Copepods tend to preferentially accumulate the HUFA, DHA (docosahexaenoic acid), compared to other zooplankton such as cladocerans (Burns et al., 2011; Lau et al., 2012; Gladyshev et al., 2015) , and can provide a source of DHA to higher consumers such as fish in aquatic food webs (Strandberg et al., 2015) . This may have especially been the case in our pond system where large-bodied cladocerans and copepods were absent, and the crustacean community was species-poor (six species; Supplementary  Fig. S3A ). Second, although we detected enhanced copepod fecundity in the fish-stocked ponds, the abundance of gravid females was reduced by end of summer compared to early summer in the fish-stocked ponds ( Fig. 3A and B) . This may explain why there was no change in copepod population abundance between early and late summer in the fish-stocked ponds in spite of enhanced individual-level female fecundity (Fig. 3D) . These findings suggest that the fish were selectively preying on gravid females (Fig. 3A and  B) . Moreover, copepod population sex ratios became skewed towards male abundance in the fish-stocked ponds but not in fishless ponds by end of summer (Fig. 3C) . Sexspecific fish predation on more visually conspicuous eggbearing females can reduce female copepod abundance disproportionately more than male copepod abundance (Hairston et al., 1983; Hirst et al., 2010) .
In the fishless ponds, the nutritional state of copepods remained low between early and late summer, and was likely limited by phytoplankton resources. In the fishstocked ponds, where phytoplankton resources were stimulated ( Figs 1A and 4) , a continued low EFA content by end of season may be explained by the combined effects of (i) low abundance of gravid copepod females and (ii) male dominance in the copepod populations, both of which are directly related to top-down effects of fish predation. Dietary quality is an important determinant of the FA content of calanoid copepod eggs, and of the hatching and survival of larval nauplii (Guisande and Harris, 1995) . We did not measure the FA content of the calanoid copepod eggs, and so we cannot conclude if the selective removal of gravid female copepods by fish predation reduced the overall nutritional state of copepod populations in fishstocked ponds. It is possible that female copepods channelled FA resources to egg production by mobilizing accumulated reserves that had not been consumed in recent diet but had been accumulated over the summer (Syväranta and Rautio, 2010) . However, enhanced female fecundity may have been accompanied by a loss of important FAs in the male copepods as a result of increased competitive activity when confronted with mate limitation for females; increased reproductive activity has been linked with reduced lipid content in marine calanoid copepods (Sargent and Falk-Petersen, 1988) . For all ponds, the ω3:ω6 FA ratio metric that was used to assess the nutritional state of copepod populations included adult male and females combined. The high abundance of males to females in copepod populations of fish-stocked ponds that resulted from fish predation by end of summer may, therefore, explain why there was no signal of enhanced EFA content in copepods despite stimulated phytoplankton resources. Together, simultaneous bottom-up and top-down processes mediated by the fish-induced trophic cascade may have cancelled positive effects of enhanced phytoplankton resources on total copepod population nutritional state and abundance.
C O N C L U S I O N
We present a first study to apply EFAs to detect fishmediated trophic cascades on zooplankton in aquatic ecosystems. There was unexpectedly no detectable effect of the fish-mediated trophic cascade on copepod population nutritional state and abundance, despite enhanced phytoplankton resources in fish-stocked ponds. A combination of overall HUFA-poor phytoplankton communities, selective fish predation on gravid female copepods, and maleskewed sex ratios of copepod populations in fish-stocked ponds likely explain why a trophic-mediated cascade on enhanced female copepod fecundity did not result in enriched copepod nutritional state and increased population abundance. Therefore, fish-mediated trophic cascades on zooplankton population abundance can be concealed by the net effects of bottom-up and top-down food web processes on food web EFA availability, zooplankton body size-fecundity relationships and zooplankton population sex ratios.
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